Photonic crystal fibers (PCFs), which are also called microstructured fibers or holey fibers possess a core area surrounded by a cladding region composed of a fine array of micrometer-sized air holes that extend along the full fiber length. The wavelengthscale features in PCFs lead to novel properties including endlessly single-mode guidance, flexible dispersion control, and ultra-high nonlinearity. In this paper, novel dispersion properties of photonic crystal fiber, which are not easily achievable with conventional step-index structured fiber are reviewed. Furthermore, new possibilities in the area of soft glass based highly nonlinear fibers provided by the PCF technology are also presented.
Introduction
Photonic crystal fiber (PCF) technology has progressed rapidly in recent years and has resulted in the development of a wide range of optical fibers with unique and highly useful optical properties. 1, 2) PCFs, which are also called microstructured fibers or holey fibers possess a core area surrounded by a cladding region composed of a fine array of micrometer-sized air holes that extend along the full fiber length. PCFs are classified into two types depending on light guiding mechanism: index guiding type fiber and photonic bandgap fiber (PBF). In the case of index guiding type fiber a fiber core is formed by embedding a local solid area of higher refractive index within a photonic microstructure. Figure 1 shows an idealized index guiding type PCF structure. The index guiding type PCFs are typically made of a single material, usually pure silica, and guide light through a modified form of total internal reflection since the volume average index in the core region of the fiber is greater than that of the surrounding microstructured cladding. Note that the hole diameter (d) and pitch (Ã, hole to hole spacing), which are the critical design parameters used to specify the structure of an PCF are typically on the scale of the wavelength of light. On the other hand, the light guiding mechanism of PBFs is totally different from that of index guiding type PCFs. PBFs employ photonic bandgap effect to prevent light from escaping from a hollow air core. The lower refractive index of the core than the air-hole cladding can not support the conventional total internal reflection-based guiding mechanism. In photonic bandgap structures, however, incident light at frequencies where the structure photonic bandgap exists, is trapped and guided along the hollow air core.
The fundamental physical differences between PCFs and conventional step-index fibers arise from the way that the guided mode experiences the cladding region. In conventional fibers, this is largely independent of wavelength to first-order. However, in PCFs, the large index contrast between glass and air and the small structure dimensions combine to make the effective cladding index a strong function of wavelength. Short wavelengths remain tightly confined to the core, and so the effective cladding index is only slightly lower than the core index. However, at longer wavelengths, the mode samples more of the cladding, and so the effective index contrast is larger. This unusual wavelength dependence leads to a host of unique and tailorable optical properties. One striking property is that fibers with a low air fill fraction (d=Ã) can be single-moded regardless of operating wavelength.
3) This property is particularly significant for broadband or short wavelength applications. Tailoring the scale of the cladding features allows the effective fundamental mode area of a holey fiber at 1.55 mm to be varied over three orders of magnitude from $1 to $1000 mm 2 .
2) PCFs can thus be seen to have a significantly broader range of optical properties than conventional optical fibers, which as well as being of fundamental scientific interest, should also open up the possibility for new and technologically important fiber devices.
The wide single-mode operation of PCF with a low fill fraction (d= < 0:4) can be understood qualitatively as following. In a standard step-index fiber the number of guided modes is determined by the normalized frequency, or V value
where n co and n cl represent core and cladding indices, respectively. is core radius. The V number should be less than 2.405 for single mode operation in fiber, which means most standard single mode fibers are multi-mode at short wavelengths. For example, SMF28 fiber has a single mode cut-off wavelength of $1:2 mm. In PCF the light field confines itself in the silica core area rather than distributing itself across the air cladding at short wavelengths, keeping the V number nearly constant and extending the single-mode bandwidth. A more detailed, quantified study of endless single mode operation of PCFs can be found in ref. 4 . PCF technology also allows the fabrication of fibers with very tightly confined modes, and thus very high optical nonlinearities per unit length. Indeed, a silica fibers can have a nonlinearity 10 -100 times higher than that of a conventional step-index silica fiber. Nonlinear devices based on PCF can thus in principle be 10 -100 times shorter than similar devices based on conventional optical fibers, offering a route to the development of truly practical, ultrafast fiberbased nonlinear devices.
5)
The unusual wavelength dependence of the effective refractive index in PCF leads to a range of novel dispersion properties, which are relevant for both linear and nonlinear device applications. 6) For example, silica fibers with a small pitch (Ã < 2 mm) and large air holes (d) can exhibit anomalous dispersion down to wavelength as low as 550 nm. 7) This has made the generation and propagation of optical solitons in the near-IR and visible regions of the spectrum a reality 8, 9) and is something not possible in conventional single mode fibers. It is also possible to design PCFs with extremely high values of normal dispersion 10) and for example values as high as À2000 ps/(nm-km) have been predicted, which suggests that these fibers may find application in dispersion compensation. Other works have shown that broadband dispersion-flattened PCFs can also be designed, 11) a property that is likely to be useful for the development of broadband WDM devices: for instance, wavelength converters 12) and parametric amplifiers. 13) In this paper, novel dispersion properties of PCFs, which are considered not to be easily achievable with conventional step-index structured fiber are reviewed. Furthermore, new possibilities in the area of soft glass based highly nonlinear fibers provided by the PCF technology are also presented. This paper is organized as follows. In §2 the PCF fabrication process is briefly described. Section 3 discusses dispersion properties and provides a design of dispersion flattened PCF. Section 4 presents the issue of engineering dispersion profile of a silica-based optical fiber to have anomalous dispersion at short wavelengths by a PCF structure and its application to soliton pulse generation. Dispersion control of soft glassbased optical fibers through use of PCF structures is presented in §5. In §6 a conclusion is drawn regarding the results.
Fabrication of Photonic Crystal Fiber
Photonic crystal fibers are typically fabricated by stacking an array of capillaries in a hexagonal configuration around a solid rod, which defines a core. This resulting stack, so called preform, is then drawn down to fiber dimentions using a conventional fiber drawing tower. The stacking procedure is a flexible one: PCFs suitable for active devices can be made by use of a rare earth ion doped core rod, and multicore fibers can be produced by introducing multiple rods into the stack. By controlling the conditions under which the fiber is drawn, a range of photonic crystal fibers with different optical properties can be produced from a single preform. Figure 2 shows a simplified procedure for PCF fabrication. The stacking-based PCF fabrication method can be applied to a variety of other materials including both compound glasses 14) and polymers. 15) Figure 3 shows scanning electron microscope (SEM) images of various PCFs fabricated at the University of Southampton. 16) Recently the University of Southampton demonstrated a new and simple PCF preform fabrication technique, which uses extrusion of glasses with lower softening tempoeratures ($600 C versus $2000 C for silica) through a die rather than stacking capillaries. 17) A SEM photograph of the crosssection of the extruded SF57 PCF is shown in Fig. 4 .
Dispersion Flattened Photonic Crystal Fiber
One interesting feature of PCFs is that it is readily possible to control the cross-sectional refractive index distribution by controlling their cross-sectional geometry, which is a two-dimensional (2-D) silica-air photonic crystal incorporating a defect. In PCFs light is guided through the defect that is an effective PCF core, and thus group velocity dispersion of guided modes is extremely sensitive to the 2-D photonic crystal cladding geometry. This means that the dominantly contributing factor to dispersion of guided modes in the case of PCF is waveguide dispersion rather than material dispersion. Note that in conventional stepindex silica fibers, group velocity dispersion (GVD) is usually dominated by the bulk silica dispersion. Therefore, we can expect that it should be possible to achieve flexible control of dispersion properties of guided modes by manipulating the cross-sectional geometry of the PCF. The design of a PCF with a desired dispersion profile requires a highly efficient numerical calculation method, which usually consumes a massive calculation time. In our study we
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Step 3: The cane can be inserted into a jacket, and drawn to fiber a free program for computing the band structures (dispersion relations) and electromagnetic modes of periodic dielectric structures. In this numerical design both waveguide and material dispersion have been included. Figure 5 shows our designed novel PCF structure for obtaining a flattened GVD profile over an ultra-broad bandwidth. The GVD of the designed structure can be controlled by three main parameters such as inner cladding air hole radius (R in ), outer cladding air hole radius (R clad ), and pitch (Ã). The structure of the proposed PCF is described by a periodic triangular structure of cladding air holes with an off-periodic defect surrounding a silica core region. The super cell size is at least 7, which means that at least seven periods of cladding holes with one defect hole depict one super cell as a unit structure repeated infinitely in the calculation of eigenstates. Meshing is done uniformly throughout the entire structure, and should have at least 256 divisions of one lattice vector to ensure reliable accuracy of calculation.
By changing the size of the innermost cladding holes while maintaining the size of others, we could modify the waveguide dispersion properties of the fiber, for example, to change the slope of dispersion as a function of wavelength significantly at around the communication wavelength of 1.5 mm. Generally, the slope of dispersion changes from negative to positive values as the innermost cladding hole size decreases, and at a certain point, the slope of dispersion becomes almost zero to make dispersion flattened in a wide range of wavelength around 1.5 mm. Figure 6 shows calculated GVD values for various R in values at Ã ¼ 1:3 mm and R clad ¼ 0:25Ã. It is clearly evident that the GVD at 1.5 mm increases as the innermost cladding hole size decreases, while its slope turns into a positive value from negative as expected. Then, we investigated GVD variation as a function of R clad while keeping Ã ¼ 1:3 mm and R in ¼ 0:15Ã The increase of GVD level as well as a small amount of dispersion slope variation was observed as we enlarged R clad as shown in Fig. 7 . This infers that we can obtain fine control of both GVD level and its slope by adjusting the value of R clad . Figure 8 shows GVD of the designed PCF structure for various pitch values (Ã) at R in ¼ 0:15Ã, R clad ¼ 0:22Ã. The GVD was observed to increase as the pitch was enlarged. A flattened GVD profile over a $1400 nm wavelength range was found to be easily achieved at a pitch (Ã) of 1.6 mm. 
Anomalous Dispersion at Short Wavelengths and Its Application to Soliton Pulse Generation
One critical optical property that should be incorporated into optical fiber, is anomalous dispersion at the short wavelength regime, in particular at wavelengths of around 1 mm or less. Note that standard silica-based single mode fiber exhibits normal dispersion at wavelengths shorter than 1.3 mm. It has thus been considered to be extremely difficult to obtain anomalous dispersion at the short wavelengths in conventional step-index fibers. However, it has been demonstrated that the fundamental limitation of conventional step-index fibers can readily be solved by producing strong anomalous waveguide dispersion at the short wavelengths through a photonic crystal fiber structure. PCFs with a small pitch (Ã < 2 mm) and large air holes (d=Ã > 0:5) can exhibit anomalous dispersion down to as low as 550 nm. 7) Figure 9 (a) shows an example of PCF stricture with small core size and large air fill fraction, which was designed and fabricated at University of Southampton. The PCF was observed to possess anomalous dispersion from 0.8 to 1.6 mm and its calculated dispersion profile is also shown in Fig. 9(b) .
Such a novel, anomalous dispersion property of PCFs at short wavelengths allows for the generation and propagation of optical solitons in the near-IR and visible regions of the spectrum, 8, 9) something not possible in conventional single mode fibers. Using a Yb-doped PCF with the same crosssectional geometry as that of Fig. 9 (a) to provide both active gain and anomalous dispersion at the same time, a tunable femtosecond soliton pulse operating in a wavelength range of 1.06 -1.33 mm was successfully demonstrated as shown in Fig. 10 . It was based on soliton self frequency shift (SSFS). Whlie the use of SSFS has been previously demonstrated for such purpose for sources operating beyond 1.3 mm, this was the first time such wavelength tuning in fiber has been possible at shorter wavelengths.
GVD Control of Soft Glass-based Optical Fiber through a Photonic Crystal Fiber Structure
Note that those previously described PCF demonstrations have been based on silica material but that further interesting optical properties should be achievable using fibers made of other glasses: for example, SF57 19) and bismuth oxide. 20, 21) In particular, the soft glass-based optical fibers have emerged in recent years owing to their high potential for the practical implementation of nonlinear optical devices since the soft glasses generally have an order higher material nonlinearity than silica. In the soft glass-based fibers one critical issue has been associated with the strong normally dispersive material dispersion characteristic and this means that conventional step index fibers based on the soft glasses always exhibit high normal dispersion. The soft glass-based optical fibers could thus be utilized only in limited applications that does not require anomalous dispersion. It was recently demonstrated that the issue could be readily solved by adopting a photonic crystal fiber structure to compensate the normally dispersive material dispersion with strong anomalous waveguide dispersion. [19] [20] [21] Furthermore, soliton propagation over short length of a SF57 lead glass based PCF was successfully achieved due to the engineered anomalous GVD at a wavelength of 1550 nm. 19) As an example, Fig. 11(a) shows a SEM image of a Bismuth oxide-based nonlinear optical fiber (Bi-NLF) with a step-index profile, which was designed and fabricated by Asahi Glass Company. 20, 21) The measured dispersion of the Bi-NLF was À260 ps/(nm-km) at a wavelength of 1550 nm and its Kerr nonlinearity was 1100 W À1 Ákm À1 at 1550 nm. Even though the Bi-NLF can be extremely useful for the implementation of various nonlinear signal processing devices due to its huge Kerr nonlinearity and the associated short length requirement, 22) the inherent, normal dispersion characteristic of the fiber prevents it from being employed for other types of important nonlinear signal processing devices such as parametric devices and soliton pulse generation. In order to tackle the limitation a PCF design with 6 air holes was applied to the Bi 2 O 3 glass as shown in Fig. 11(b) of a SEM image of the fabricated PCF. 23 ) Figure 12 shows GVD of the Bi-PCF at 1550 nm as a function of core diameter (incircle diameter: ID). Evidently, sucessful compensation of the $À200 ps/(nm-km) material dispersion was readily achieved with the 6 air hole PCF structure. The overall dispersion at a wavelength of 1550 nm was measured to be between À100 and 80 ps/(nm-km) depending on the core diameter. 
Conclusion
Novel dispersion properties of PCF in comparison with conventional step index type optical fiber have been reviewed. It is evident that the PCF technology is capable of overcoming the limitation of dispersion property control, which is an inherent drawback of the conventional stepindex type optical fiber technology. PCF technology has advanced now to the point that km-lengths of robust coated fiber can be produced with losses as low as 0.28 dB/km. 24) Such fibers with a broad range of unique and useful optical properties should have the potential to enable a variety of practical optical devices, nonlinear or linear for a wide range of applications areas, both within telecommunications and beyond.
